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Abstract: The Hawking radiation emits all species of particles, but the Bekenstein-
Hawking entropy is independent of the number of the species of particles. This is the
so-called species problem — a puzzling problem for a long time. In this paper, we suggest
a solution to this problem. A result of the scheme is that the black hole atmosphere has a
mass equaling 3/8 mass of a classical Schwarzschild black hole, which agrees with ’t Hooft’s
brick wall model.
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By only taking a scalar field into account, one can obtain the whole Bekenstein-Hawking
entropy [1, 2]. Nevertheless, the Hawking radiation emits all species of particles. What is
the role of other species of particles. It is hard to believe that only one species of particle
contributes to the entropy. This is the so called species problem [3, 4].
In this paper, we suggest a solution to the species problem. A result of our scheme
is that the entropy of a spacetime is independent of the number of species of particles.
This means that even there are more than one species of particles, even there exists some
unknown species of particles, the entropy of a spacetime is still the Bekenstein-Hawking
entropy, as same as that calculated from one single scalar field.
In our scheme, the black hole entropy is regarded as the entropy of the atmosphere
outside the horizon. The reason why the entropy of a spacetime can be regarded as the
entropy of its atmosphere is that the entropy of the atmosphere is the entanglement entropy
[5–7], and the entropy of a black hole can also be regarded as the entanglement entropy
[8–11]. More concretely, the entropy of the atmosphere was first calculated by t’ Hooft [1]
in the brick wall model, and thereafter some authors pointed out that the entropy of the
atmosphere should be regarded as the entanglement entropy [5–7]. In fact, the calculation
of the entropy of a black hole is the same as the entanglement entropy calculation [5]. The
species problem then arises in the entanglement entropy calculation.
The species problem has a direct bearing on the understanding of the spacetime entropy.
Much effort has been devoted to understanding the species problem. The simplest scheme
suggests that only a particular field contributes to the spacetime entropy [2, 3]. Based on the
Euclidean path integral method, Jacobson finds that the leading contribution to the entropy
in the effective action is the classical Hilbert-Einstein term ~a1
∫
d4x
√
gR; by regarding the
expansion coefficient ~a1 as the renormalized inverse gravitational constant 1/ (16piG), the
leading contribution is the same as the Bekenstein-Hawking entropy [3, 12]. Therefore, the
entropy calculated by the Euclidean path integral is independent of the number of species of
particles. Frolov comes to a same conclusion by a particular method [13], who demonstrates
that the one-loop contribution to the entropy comparing with the tree-level contribution
is ignorable. A more extensively used scheme is to correct the cutoff. When regarding
the spacetime entropy as the entanglement entropy [4, 5], a short distance cutoff Λ must
be brought in [1, 10, 14]. By resetting the cutoff to Λ/
√
N , where N is the number of
species of particles, the entanglement entropy contributed by all species of particles adds
up to the Bekenstein-Hawking entropy [15]. Susskind suggests a similar method, in which
the gravitational constant G is renormalized to obtain the Bekenstein-Hawking entropy [8].
More discussions on the cutoff approach are also given by other authors [15–17].
Our scheme is as follows.
Where there is a horizon there is an atmosphere. The existence of the Hawking
radiation ensures that a spacetime with a horizon must have an atmosphere consisting of the
particles which are emitted out of the horizon and fall back into the horizon in a dynamic
equilibrium.
That is, a spacetime indeed consists of two indivisible parts: a bare spacetime which is
a classical spacetime solved from the Einstein equation and its atmosphere which is a pure
quantum effect. In other words, when talking about a spacetime, we must simultaneously
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consider both the classical bare spacetime and its atmosphere. These two parts are always
concomitant with each other from the birth of the spacetime. In our scheme, the bare
spacetime and its atmosphere are regarded as a single whole system.
A spacetime with an atmosphere is indeed a dressed space consists of a classical bare
spacetime and a quantum atmosphere, just like a dressed particle —– a bare particle with a
virtual-particle cloud. Nevertheless, it should be emphasized that rather than the virtual-
particle cloud of a particle, the atmosphere of a spacetime consists of real particles.
The entropy of a spacetime all comes from its atmosphere. Since a spacetime
is indeed a classical bare spacetime with its atmosphere, the entropy of a spacetime is then
the sum of the entropy of the bare spacetime and entropy of the atmosphere:
S = Sbare + Satmosphere. (0.1)
The entropy S = lnΩ with Ω the number of states. The bare spacetime is regarded as a
mechanical system and has only one certain state, so it does not contribute to the entropy,
i.e., Sbare = ln 1 = 0. Consequently, the atmosphere contributes all the entropy of a
spacetime: S = Satmosphere.
In a word, the entropy of a spacetime is just the entropy of the atmosphere of the
spacetime.
All species of particles near the horizon behave like massless particles. The
Hawking radiation emits all species of particles, massive and massless. Nevertheless, all
species of particles near the horizon behave like massless particles.
We take a scalar particle near the horizon of a Schwarzschild spacetime as an example
to illustrate this.
The radial Klein-Gordon equation in a Schwarzschild spacetime with the tortoise co-
ordinate r∗ = r + r0 ln (r/r0 − 1) reads [7]
{
− ∂
2
∂t2
+
∂2
∂r2
∗
−
(
1− r0
r
) [r0
r3
− l (l + 1)
r2
+m2
]}
R (t, r) = 0, (0.2)
where r0 = 2M is the horizon radius with M the mass of the classical bare spacetime. Near
the horizon, r → r0, the massive equation, eq. (0.2), reduces to a massless equation:
(
− ∂
2
∂t2
+
∂2
∂r2
∗
)
R (t, r) = 0. (0.3)
This shows that even a massive particle still has a behavior like a massless particle near
the horizon.
The entropy of any species of massless particles has the same relation to
the internal energy. Near the horizon, all particles behave like massless particles. It can
be shown that for both massless bosonic and massless fermionic gases, i.e., ultrarelativistic
bosonic and fermionic gases, the relation between the entropy S and the internal energy U
is [18]
S =
4
3
βU. (0.4)
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It should be emphasized that near the horizon of the Schwarzschild spacetime, the
spacetime is almost flat [7]. This allows us to apply the result of statistical mechanics in
flat spacetime directly.
The spacetime entropy is independent of the species of particles. Now, it is
ready to describe our scheme.
It is already shown that no matter what species of particles are, bosonic or fermionic,
massive or massless, the entropies are always have the same relation to the energies. Suppose
that there are NB species of bosons and NF species of fermions. The total energy of the
atmosphere is, of course,
U =
NB∑
i=1
UBosei +
NF∑
i=1
UFermii . (0.5)
The entropy of the system, by eq. (0.4), then reads
S =
NB∑
i=1
SBosei +
NF∑
i=1
SFermii
=
NB∑
i=1
4
3
βUBosei +
NF∑
i=1
4
3
βUFermii
=
4
3
βU. (0.6)
This result tells us that no matter how many species of particles are emitted, the en-
tropy depends only on the total energy of particles rather than the number of the species of
particles.
The atmosphere accounts for 3/11 of the mass of a Schwarzschild black hole.
For the Schwarzschild spacetime, we can arrive at the Bekenstein-Hawking entropy
S = 4piM2 (0.7)
so long as the total energy of the atmosphere is
U =
3
8
M. (0.8)
Note that for the Schwarzschild spacetime the reciprocal of the temperature β = 8piM .
Since the mass of the total system, mtotal, in our scheme is the bare mass, mbare = M ,
plus the mass of the atmosphere, matmosphere =
3
8
M , the ratio of the bare mass and the
mass of the atmosphere is mbare : matmosphere = 8 : 3, or, mbare : mtotal = 8 : 11 and
matmosphere : mtotal = 3 : 11.
In a word, in this scheme the entropy is independent of the species of particles.
The key point of this scheme is to regard the atmosphere of a spacetime, which is a
pure quantum effect, as a part of the spacetime. In the scheme, a spacetime consists of two
parts: the classical bare spacetime and its atmosphere. The entropy of the spacetime all
comes from the atmosphere. Considering that any particle near the horizon behaves like a
massless particle, we conclude that the atmosphere can be considered as an ultra-relativistic
– 3 –
gas. As a result, the entropy, regardless of the species of particles, is proportional to the
energy (mass) and is independent of the species of particles.
Furthermore, since a spacetime is divided into a classical part (the solution of the Ein-
stein equation) and a quantum part (atmosphere), when studying the quantum properties
of a spacetime, one can only focus on the atmosphere of the spacetime. That is to say, the
property of a thermal field in a spacetime background [19] reflects the quantum behavior
of the spacetime.
A by-product of this scheme is that for a Schwarzschild black, the ratio of the mass of
the classical bare black hole and its atmosphere is 8 : 3. Based on the brick wall model, ’t
Hooft also showed that the energy of the bosonic gas outside the Schwarzschild horizon is
3
8
M [1]. Our result agrees with ’t Hooft’s result.
Finally, inspired by the hierarchy problem, we would like to suggest an alternative
scheme to understand the species problem. In a series of works [15, 20–24], the authors
suggest a bound on the fundamental scale of the spacetime imposed by the species of
the particles in black hole physics. A modified Planck length lspecies =
√
Nspecieslp is
introduced, where lp is the Planck length andNspecies is the number of the species of particles
in the world [25]. The Bekenstein-Hawking entropy of a black hole is SBH =
1
4
kBA/l
2
p. The
entropy contributed by one certain species of particles is Sspecies =
1
4
kBA/l
2
species, in which
the Planck constant lp is replaced by the modified Planck length lspecies. If there are N
species of particles in the world, the entropy of a black hole is the sum of the contributions
of all species of particles. We then have SBH = NSspecies =
1
4
kBA/l
2
p. This result tells us
that despite how many species of particles in the world, the entropy of a black hole is still
the Bekenstein-Hawking entropy. In other words, the entropy is independent of the species
of particles.
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